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Abstract
This short review discusses the evidence for missing mass at large
scales, the possible nature of the dark matter in the Universe, and
the principles of dark matter detection. It summarizes the main
experimental results obtained up to now. Prospects and new ideas
are presented.
1 INTRODUCTION
The estimate of the value of 
, the ratio of the mean energy density in the Universe
to the critical energy density, is one of the main issues in modern cosmology. We can
measure the components of 
 in various ways :












We know from observations that the contributions from dust or gas to 
 are neg-









are shown in gure 1 and
compared to the magic value 
 = 1 which is the preferred value for aesthetical and the-
oretical reasons (to avoid ne tuning in initial conditions, and to agree with ination
theories). From all these values, one can draw two main conclusions :
1) All these estimates are below 1. However, the value 
 = 1 is not at all excluded.
The allowed range for the total contribution to 
 is 0.001 < 

tot
< 2, where the lower
limit comes from visible matter and the upper limit comes from the minimum estimate
of the age of the Universe combined with the measured expansion rate. To reach 
 = 1,
it seems unavoidable to invoke intergalactic non baryonic dark matter, such as WIMPs
(Weakly Interacting Massive Particles: heavy neutrinos 
H
, or lightest supersymmetric

















halos of spiral galaxies, like our own galaxy, could be partly or totally made of MA-
CHOs (Massive Astrophysical Compact Halo Objects) which is almost the only possibil-
ity left for baryonic dark matter : these MACHOs could be either aborted stars (brown
dwarves, planet like objects), or star remnants (white dwarves, neutron stars, black holes)
(Carr, 1990).













2 MACHO's or WIMP's IN THE HALO ?
Candidates for non baryonic dark matter abound (massive neutrinos, axions,
WIMPs such as the lightest supersymmetric particle, etc., all initially motivated by other
arguments than dark matter). On the other hand, very few possibilities remain for bary-
onic dark matter (Carr, 1990). Cold fractal clouds of helium and molecular hydrogen have
been suggested (Pfenninger et al., 1993). Primordial black holes are also a possibility. But
probably the most plausible candidate would be compact objects too light to burn hy-
drogen, would be stars beyond the main sequence. Their mass has to lie between the




< M < 0:08M

(de Rujula et
al., 1992). Those will be named MACHOs (Massive Compact Halo Objects) in the sequel.
A way to detect these MACHOs is to look for the temporary brightening of a star
that occurs when a MACHO passes next to its ligne of sight.
2.1 The microlensing eect
The use of the microlensing efect to detect dark matter was rst proposed in 1986
by Paczynski. Figures 2 and 3 describe the phenomenon : a halo object D passes very
close to the line of sight between the observer O and a distant star S - typically within a
thousandth of an arc second.
Figure 2: Instead of the direct ray going from the star S to the observer O, the deector




, usually non separable in the case of microlensing.
Figure 3: The microlensing eect as seen in the plane of the deector. The observer receives
light that had been emitted in a larger solid angle in the absence of the deector. The





In the following, L = OS and x = OD/OS. If the alignment was perfect, the observer











More generally, the observer receives light through two optical paths, too close to
be separated - the separation is also of about 10
 4
arcsec. But since he received light that
was emitted in a larger solid angle than without the deector, the star appears brighter.












where u is the \reduced impact parameter", d(OS,D)/R
E
. The amplication as a function
of u is plotted in gure 4a.
Figure 4: a) The amplication as a funstion of the reduced impact parameter u. A unit
impact parameter corresponds to an amplication of 34% or 0.3 magnitude. b) Some
typical light curves. The abscissa is the time in unit of the time required for the deector
to move by an Einstein radius. The various light curves correspond to a reduced minimum
impact parameter of 0.25, 0.5, 0.75, 1., 1.25 and 1.5 respectively.
Now, since the alignment needs to be so perfect, the eect is going to be sensitive
to the movement of the deector in the halo. If the deector has a velocity v, which
component transverse to the line of sight is v
?
, and its trajectory has a minimum impact
parameter u
o





















teristic duration of the phenomenon. For stars in the Large Magellanic Cloud, the average




. Figure 4b shows typical light curves.
For a given observed light curve, the measurable quantities are the maximum am-
plication, the duration, and the time of maximum. The amplication gives the impact
parameter - which distribution must be at -, but the duration is a function of the mass
of the object, its speed, and its distance from the observer. For any given event, only
a most probable mass can thus be computed. This mass is model-dependent, and the
distribution around this most probable value is very broad. As statistics increases, it is
however possible to perform a moment analysis to compute the moments of the MACHO
mass distribution (de Rujula et al., 1991).
The probability of the microlensing phenomenon is computed in (Paczynski, 1986)
for stars in the Large Magellanic Cloud, and more generally in (Griest et al., 1991). The
idea is that the probability for a given star to be microlensed at a given instant by more
than 34 % is simply the fraction of the sky covered by the Einstein radii of the MACHOs.
Since the surface of the Einstein disk is proportional to the mass of the object, the total
solid angle fraction - the optical depth - is independant of the mass of the objects. But since
the event duration increases with the mass, lighter objects will cause more microlensing
events in a given time period. Typically, for stars in the LMC and a \standard" halo, the
optical depth is  0:510
 6
. It is thus necessary to follow the luminosity of a few million
stars.
Some basic properties of the microlensing eect will help to distinguish a signal
from the background of variable stars :
 The light curve is symmetric and has a distinctive shape.
 The eect is achromatic, since all photons follow the same geodesic. As most
variable stars display colour variations, this is a very powerful criterium.
 The eect is rare enough to be unique for a given star. A long term follow-up of
the candidates is therefore needed.
 The eect is independant of the physical properties of the microlensed star. In
particular, the events must trace the spatial repartition of stars, as well as their repartition
in the colour-magnitude diagram.
2.2 The three experiments
2.2.1 EROS
EROS (Experience de Recherche d'Objets Sombres) is a French collaboration of
astrophysicists and particle physicists. It consists in fact of two experiments. The rst one
targets high mass objects, and monitors a few millions stars on a time scale of 30mn.
The plate experiment uses the 1m Schmidt telescope at the European Southern





Two plates are taken each night, one with a blue lter, the other with a red lter. The
exposure time is one hour.
The plates are then digitized by the MAMA at the Observatoire de Paris (Berger
et al. 1991), and each yields 8 108 pixels of 0.7  0.7 arcsec
2
. 56 plates have been taken
in 1990-91, 200 in 91-92 and 25 in 92-93.
The photometric analysis is made with a specially developed algorithm, which needs
to work well in crowded elds, be automated, and be fast enough to accomodate the huge
volume of data. A reference image is rst made by adding the best ten plates in each
colour. A catalog of stars is then produced, and the two colours are associated with a
pattern matching algorithm. Then, for each plate, the brightest stars are rst identied
and matched with the reference catalog, and are also used to determine the PSF. The
geometric transformation is then used to impose the position of the stars on the measured
image : this saves the star nding process, speeds up the PSF t, which is then linear,
and improves the photometric precision. About 8 10
6
stars are found on the reference
image, but half of them are too faint to be measured accurately enough. Each photometric
measurement is then added to the light curves of the stars for further analysis.
The CCD experiment uses a 16-CCD mosaic at the focal plane of a dedicated 40 cm
telescope, in the dome of the GPO at La Silla. The CCDs are 576  405 pixel Thomson
chips. The exposure times are 8 mn in R and 12 mn in B. During the 1991-92 campaign
2500 red and blue exposures have been recorded, and about 6000 during each the following
campaigns (1992-93 and 1993-1994). About 10
5
stars are monitored in the bar of the LMC.
The photometric algorithm is similar to the one used for the plates.
More details on the EROS experiment can be found in (Aubourg et al., 1993a ;
Cavalier 1994b ; Queinnec 1994b).
2.2.2 MACHO
The MACHO group is a University of California - CfPA Berkeley - Mount Stromlo
Observatory collaboration. It uses a dedicated 50 inch telescope at MSSO, in Australia,
with a dual camera system and a dichroic beam splitter, allowing simultaneous exposures





The camera system is described in detail in (Stubbs et al., 1993).
The observation strategy targets high-mass objects by surveying many elds : al-
though the exposure time is about 5 mn, the sampling time scale is a day. 82 elds are
monitored in the LMC. 21 in the SMC, and 75 in the bulge of the Galaxy. The experiment
has started in 1992.
The photometric program, SoDoPhot (Bennett 1994b), is based on DoPhot. As the
EROS photometric algorithm does, it uses a template - the best image - to impose the
position of stars.
2.2.3 OGLE
The OGLE experiment is a Warsaw-Carnegie collaboration, which observes the
Galactic bulge in the Baade's window. It uses a non-dedicated 1 m telescope at Las
Campanas Observatory, Chile, equipped with a 2048 x 2048 CCD camera. The data
taking has started in 1992 and consists of images taken principally IN I-band and only
sparse measurements in V-band. The photometry uses a slighlty modied DoPhot program
(Schechter et al., 1993).
2.3 Results
Once the light curves are built, all the collaborations are searching for a luminosity
increase which is unique and achromatic, using roughly the same methods.
The CCD experiment of the EROS collaboration is the only program sensitive to






. No events have been found (Queinnec
1994a, Queinnec 1994b, Aubourg et al., 1994), while about 10 are expected if the halo is




. It is therefore possible to exclude for instance a halo
in which more than 30 % of the stars would have such a low mass.
Both the EROS plate experiment and the MACHO experiment are looking for high
mass MACHOs in the LMC. The EROS collaboration has reported 2 events (Aubourg et
al., 1993b, Cavalier 1994a, Cavalier 1994b), and the MACHO collaboration has reported
3 events (Alcock et al., 1993, Bennett 1994a). Table 1 summarizes the characteristics of
these events.
Besides, the EROS and MACHO experiments have stars in common. The EROS
events happened while MACHO was not yet running, and the MACHO 2 and 3 events are
too faint to be seen by EROS ; but the MACHO 1 event can be seen by EROS, although
it has very few blue measurements, and thus was rejected by one of the rst cuts in the
EROS analysis. By releasing these cuts, EROS has been able to conrm the amplication
of MACHO 1.
Table 1: Characteristics of LMC events. For each event are given the unamplied magni-
tudes, the maximum amplication, the minimum impact parameter, the duration in days,









MACHO 1 R=19.0 V=19.6 7.1 0.14 17.5 0.07
MACHO 2 R=20.4 V=20.7 2.0 0.56 9 0.02
MACHO 3 R=19.1 V=19.4 1.5 0.83 14 0.05
EROS 1 R=18.7 B=19.3 2.5 0.42 26 0.16
EROS 2 R=19.2 B=19.3 3.3 0.31 30 0.20
The eciency of the experiments is hard do determine, but for both EROS and
MACHO, the number of events found seems to be half or less what would be expected
for a halo made of stars just at the ignition threshold (Alcock et al., 1995, Ansari et al.,
1995).
As far as the Galactic bulge is concerned, the event rate is high enough that in-
formation quickly becomes obsolete ... At the time this article is written, the author is
aware of 11 events in the OGLE collaboration (Udalski et al. 1993, 1994a, 1994b, 1994c)
and of more than 30 in the MACHO collaboration (Alcock et al., 1994, Ch. Stubbs, priv.
comm.), one of which has an amplication by a factor 17. Table 2 gives the characteristics
of the published events.
Table 2: Characteristics of Bulge events. Same as Table 1, except that no mass estimates
are given, since they depend too strongly on the model (halo, disk, bulge, bar, etc.). Only







MACHO B1 V=19.0 V-R=0.9 17.4 0.058 10.4
MACHO B2 V=19.7 V-R=1.1 2.9 0.36 21.2
MACHO B3 V-18.8 V-R=1.2 2.2 0.50 24.6
MACHO B4 V=17.4 V-R=0.9 1.8 0.66 24.3
OGLE 1 I=18.8 V=20.0 2.7 0.39 25.9
OGLE 2 I=19.1 V=20.7 6.5 0.16 45.0
OGLE 3 I=15.9 V=17.6 1.26 1.14 10.7
OGLE 4 I=19.3 V=20.8 5.8 0.17 14.0
OGLE 5 I=17.9 V-I=1.6 11.5 0.087 12.4
OGLE 6 I=18.1 V-I=1.5 6.9 0.16 8.4
OGLE 7 Binary lens candidate
OGLE 8 I=17.6 1.9 0.60 49.5
OGLE 9 I=19.2 V-I=1.8 1.7 0.69 18.7
OGLE 10 I=15.8 V-I=2.1 1.10 1.67 61.6
OGLE 11 I=18.2 V-I=1.6 1.32 1.03 12.6
The bulge rate is at least twice what would be expected for a \minimal disk" (Griest
et al., 1991), but, according to an analysis performed by the MACHO collaboration on
its rst four events, would be compatible with a \maximal disk" accounting for most
of the velocity at the Sun radius (Alcock et al. 1994). On the other hand, the OGLE
collaboration claims that its rate cannot be accounted for by any reasonnable disk model,
but that \a good case can be made for the lenses to be in the galactic bar, i.e. highly
non-axially symmetric galactic bulge" (Paczinsky 1994). More quantitative results should
be available soon as the statistics increases.
Figure 5 shows light curves of a microlensing event that clearly shows characteristics
of a binary lens with \caustic crossings" where the source star crosses into (or out of)
a region where two extra images are created (making a total of 5). This event was rst
discovered by the OGLE collaboration (Udalski et al., 1994c), but the MACHO data
provides a nice conrmation with very good coverage of the second caustic crossing which
was largely missed by OGLE.
Figure 5: Light curve of the rst double lens microlensing event (OGLE experiment).
2.4 Conclusion
Gravitational microlensing is a eld in which a lot has happened in the previous year.
All three collaborations have reported events which are compatible with microlensing.
At the very moment those lines are written, spectra are being taken of a microlensing
event that was detected early enough by the MACHO collaboration that the astronomical
community has been warned a few days before the maximum. Comparison of spectra at
the peak and a few weeks later should, if they are identical, give a very strong weight to
the attribution of this event to gravitational microlensing.
Anyway, if the observed light curves are fully compatible with the theory of gravita-
tional microlensing, and if the method has thus proved it was a worthy probe of low-mass
star populations, some puzzling discrepancies in the event rates have occured : compared
to what is expected from having all the galactic dark matter in a spherical halo, the event
rate towards the LMC is half too small, and the one towards the center of the Galaxy is
twice too high.
The events rate towards the galactic bulge is high enough for more quantitative
results to be available soon. For the LMC, a signicant increase in the number of events
is required to start doing any statistical analysis.
The MACHO collaboration is planning to continue to run for a few years with
the same setup. The EROS collaboration plans to replace its setup with a 1m dedicated
telescope, a dichroid beam splitter and two cameras, each tted with 8 2048  2048 CCDs.
The OGLE collaboration should soon have a dedicated 1.27 m telescope, with a 2048 
2048 CCD, to be expanded later.
Three new other experiments are starting now :
- DUO (photographic plates) directed towards the galactic bulge ;
- AGAPE and VATT which monitor pixels of M31.
3 WIMPs
3.1 LEP + pp COLLIDER CONSTRAINTS
3.1.1 Heavy Dirac or Majorana Neutrino
The LEP results on the Z
o







masses (10 eV, 250 keV and 35 MeV) excludes the possibility of any Dirac or Majorana
neutrino in the mass range 35 MeV to 40 GeV. In particular, this excludes (gure 6) the




= 1 from the relic density which can
be reliably estimated for heavy neutrinos in standard cosmology.
Figure 6: Exclusion diagram for heavy neutrinos.
3.1.2 Lightest Supersymmetric Particle (LSP)
1) Boson
An illustrative candidate of that type is the sneutrino ~ to the width of the Z
0
is
half that of a standard neutrino. Again, from the LEP results one can exclude a ~ with
mass < 35 GeV at the 3 level.
2) Fermion
The LSP could naturally be in that case the neutralino, , a linear combination of
the photino, the zino and the two higgsinos which are necessary in the minimal super-
symmetric theory.
- Again, the residual cosmological density of neutralinos having survived annihila-
tion can be reliably estimated. The decoupling time is determined by their low-energy
annihilation cross section which depends mostly on the neutralino mass and the lightest
scalar-fermion mass (gure 7). From CDF (pp experiment), we know already that the
sfermion masses are > 100 GeV. Demanding 






Figure 7: Neutralino annihilation diagram.
- What do we learn from LEP? The Z
o
is not coupled to photino-photino, nor to
Zino-Zino but does couple to two higgsinos. This implies that the higgsino masses are
higher than 40 GeV although there are some loopholes in the derivation. Furthermore,
the wino mass is greater than 40 GeV (again from LEP), which favours also a Zino mass
greater than 40 GeV in any natural model. In summary LEP cuts already most of the
parameter phase space for neutralinos below 30 GeV. This is bad news for direct detection
experiments. As the neutralino masses get higher and higher, the rate of WIMPs scattering
decreases.
- The natural scale of supersymmetry is below few TeV, to provide a natural expla-
nation of the hierarchy of the grand unication compared to the electroweak unication.
Combined with LEP results, we nd surprisingly the same allowed mass range as inferred
from cosmological arguments, namely between 30 GeV and few TeV.
3.2 DIRECT and INDIRECT DETECTION of WIMP's
The hypothesis that dark matter particles are gravitationally trapped in the galaxy
leads to the conclusion that, like stars, they should have a local Maxwell velocity distri-
bution with a mean spread of 250 km/s. Then, the mean kinetic energy E
r
received by a
nucleus of mass M
n


















The energy distribution is roughly exponential. The expected event rate for elastic
scattering on a given nucleus, assuming that 0.4 GeV/cm
3
is the local density of the halo
(needed to account for the at rotation curve of stars) depends only on the mass and
interaction cross section.
These recoil events can be detected in well shielded deep underground devices such
as semiconductor diodes, scintillators and cryogenic bolometers. Experimental limits on
the cross section of wimps for scattering on germanium (S.P. Ahlen et al., 1987, D. O.
Caldwell et al., 1988, D. Reusser et al., 1991, M. Beck, 1993), CaF
2
and NaI (C. Bacci et
al., 1992) have been published. These limits are shown in gures 8 and 9, translated in
terms of single nucleon eective coupling strength depending on whether we are dealing
with pure axial coupling or with coherent N
2
coupling where N is the number of nucleons
in the target nucleus.
Wimps can also be seen indirectly by observing their annihilation products (J. Silk
et al., 1985). The most sensitive indirect technique uses the fact that Wimps can be
trapped in the Sun or the Earth. Wimps with galactic orbits that happen to intersect
an astronomical body will be trapped if, while traversing the body, they suer an elastic
collision with a nucleus that leaves the wimp with a velocity below the escape velocity (W.
H. Press and D. N. Spergel, 1985, A. Gould, 1987). The capture rate is proportional to the
elastic cross sections on the nuclei of the astronomical body. A steady state will eventually
be reached when the capture rate is balanced by the annihilation rate. Annihilations in
the Sun or the Earth will yield a ux of high energy neutrinos either directly or by decay
of annihilation products. The muon neutrinos can be observed in underground detector
through their interactions in the rock below the detector yielding upward going muons
pointing towards the Sun or the Earth. Presently, the most sensitive limits are those from
Kamiokande (M. Mori et al., 1992, M. Mori et al., 1993). The ux limits obtained so
far on upward going muons can be interpreted in terms of a limit on the eective elastic
cross section (gures 8 and 9). These can be then compared with the limits from direct
searches.
Dirac neutrinos with masses from 11 GeV to few TeV are excluded. Combined
with LEP results and direct mass determinations of known neutrino species, this closes
almost completely the remaining allowed window by cosmology (gure 6). Neutralinos
are expecting to range 2 to 5 orders of magnitude below the present sensitivity of direct
detection searches, depending on the exact values of minimal supersymmetry parameters.
Indirect detection experiments start to explore the highest part, in terms of cross section,
of the neutralino domain.
For the future one can note that the indirect searches are limited by the xed
background from atmospheric neutrinos and can therefore expand their limits only in
proportion of the square root of the exposure time or detector area. Direct searches have no
known fundamental limit on their background from radioactive impurities in the detector
elements. Considerable progress has been made in lowering this background. Promising
techniques to further eliminate the backgrounds include simultaneous detection of phonons
and ionization in cryogenic germanium detectors, pulse shape analysis in NaI detectors
and search for the expected seasonal variation (added velocity due to the movement of
the Earth around the Sun) which will be ultimately necessary to conrm any observed
signal.
Figure 8: Eective elastic cross-section for coherent coupling.
Figure 9: Eective elastic cross-section for axial coupling.
4 THE CASE FOR LIGHT NEUTRINOS
Although they are not favoured by theories dealing with small scale structure for-
mation (galaxy formation), 30 to 100 eV neutrinos are quite appealing to explain the
nature of our halo (R. Cowsik and J. Mc Clelland, 1972).
Note that if our galactic halo is made of light neutrinos there should be a sharp res-
onant absorption line in the spectrum of ultrahigh energy intergalactic neutrinos reaching
the Earth (gure10). The detection of such a narrow line would be a proof of the neutrino













is now excluded due to the severe upper limit on the mass (4.35 eV) (Belesev




are perfectly viable candidates. Obviously the direct




masses are of crucial importance in the context of the dark matter problem. A likely
scenario could be that the 

is much heavier (30 eV) than the 

and that the 

is much
heavier than the 
e














to few hundred eV
2
(range of cosmological interest) has started at
CERN with the CHORUS and NOMAD experiments. Even if the favored range of masses




eV, this could be the range of mass
for the 

, with a much lower mass for the 
e
and a much higher one for the 

(30 eV).
Neutrino masses could then both solve the dark matter and solar neutrino problems.
5 CONCLUSION
We are still desperately seeking for the solution to the dark matter problem.
It is a pleasure to thank N.Lelievre for her help in editing and E.Aubourg,
C.Magneville, S.Zylberajch and D.Vignaud for fruitful discussions and comments.
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